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1 | INTRODUCTION

| Anton Zverev? | Jack F. Kramarczyk® |

Abstract

The COVID-19 pandemic has generated growing interest in the development of
mRNA-based vaccines and therapeutics. However, the size and properties of the
lipid nanoparticles (LNPs) used to deliver the nucleic acids can lead to unique
phenomena during manufacturing that are not typical of other biologics. The
objective of this study was to develop a more fundamental understanding of
the factors controlling the performance of sterile filtration of mMRNA-LNPs.
Experimental filtration studies were performed with a Moderna mRNA-LNP solution
using a commercially available dual-layer polyethersulfone sterile filter, the
Sartopore 2 XLG. Unexpectedly, increasing the transmembrane pressure (TMP)
from 2 to 20psi provided more than a twofold increase in filter capacity.
Also surprisingly, the effective resistance of the fouled filter decreased with
increasing TMP, in contrast to the pressure-independent behavior expected for an
incompressible media and the increase in resistance typically seen for a compressible
fouling deposit. The MRNA-LNPs appear to foul the dual-layer filter by blocking the
pores in the downstream sterilizing-grade membrane layer, as demonstrated both by
scanning electron microscopy and derivative analysis of filtration data collected for
the two layers independently. These results provide important insights into the

mechanisms governing the filtration of mMRNA-LNP vaccines and therapeutics.
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against infectious diseases, mMRNA can be used to treat auto-immune

disorders, cardiovascular diseases, a wide range of cancers, and

The COVID-19 pandemic has highlighted the enormous potential of
mRNA-based vaccines, with the first two vaccines approved for
protection against COVID-19 infection employing mRNA that
encodes the SARS-Cov-2 spike protein (Anand & Stahel, 2021;
Chung et al., 2020; Huang et al., 2021; Nel & Miller, 2021; Zieneldien
et al., 2021). mRNA therapeutics are of growing interest because of
their high efficacy, rapid development timelines, and excellent safety
profiles (Pardi et al., 2018; Park et al., 2021; Reichmuth et al., 2016;
S. Xu, Yang, et al., 2020; Zhou et al., 2020). In addition to vaccines

injured or diseased tissues (Gomez-Aguado et al, 2020; Hajj &
Whitehead, 2017; Sahin et al., 2014; S. Xu, Yang, et al., 2020).

One of the key challenges in mRNA-based therapeutics is
ensuring the effective delivery of the mRNA to the targeted cells
(Brader et al., 2021; Carvalho et al.,, 2021; Rietwyk & Peer, 2017;
Schoenmaker et al., 2021). Although several nonviral delivery
systems have been developed, including polymer-based carriers
and inorganic nanoparticles, the greatest success has been achieved
with lipid nanoparticles (LNPs) (Hajj & Whitehead, 2017;
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Mitchell et al., 2021; Pardi et al., 2018; Reichmuth et al.,, 2016;
Tenchov et al.,, 2021; S. Xu, Yang, et al., 2020; Zhou et al., 2020).
LNPs are complex multicomponent systems typically composed of
four distinct lipid species: ionizable cationic lipids that neutralize the
negatively charged mRNA and facilitate intracellular uptake, choles-
terol that stabilizes the LNP and facilitates transfection, phospholi-
pids that support the general structure of the LNP and promote
endosomal escape (Anand & Stahel, 2021; Brader et al., 2021; Chung
et al., 2020; Gémez-Aguado et al., 2020; Hajj & Whitehead, 2017;
Nel & Miller, 2021; Park et al., 2021; Rietwyk & Peer, 2017;
Sahin et al., 2014; Schoenmaker et al., 2021; Zhou et al., 2020;
Zieneldien et al., 2021), and polyethylene glycol-anchored lipids that
reduce nonspecific binding and increase circulation half-life (Gao
et al., 2013; Puri et al., 2009; Torchilin, 2005). The resulting mRNA-
LNPs are typically 50-200 nm in diameter (Buschmann et al., 2021;
Chauhan et al., 2020; Wahane et al., 2020) and can vary from highly
spherical to more ellipsoidal geometries (Brader et al, 2021;
Schoenmaker et al., 2021; Tenchov et al., 2021).

The production of mRNA vaccines begins with the in vitro
enzymatic synthesis of the mRNA from a DNA template (Buschmann
et al., 2021; Hou et al., 2021; Pardi et al., 2018; S. Xu, Yang, et al., 2020).
The downstream purification process involves a series of chromato-
graphic separations and tangential flow filtration (Jackson et al., 2020;
Rosa et al., 2021; Whitley et al, 2022). The purified mRNA is
encapsulated in the LNP by mixing the mRNA (in an acidic aqueous
buffer) with the lipids (in ethanol) (Carvalho et al, 2021; Nel &
Miller, 2021; Reichmuth et al., 2016). The resulting LNP suspension is
buffer exchanged and concentrated by ultrafiltration/diafiltration
followed by sterile filtration (Rosa et al., 2021) as part of the final
fill-finish operation (Moleirinho et al., 2020; van Reis & Zydney, 2007;
Zydney, 2021).

Sterile filtration is a critical manufacturing step that ensures
pharmaceutical products are essentially free of microbial contami-
nants (Zydney, 2009). Sterile filtration is commonly performed using
normal-flow (dead-end) filtration through membranes containing 0.2-
um-rated pores, which can completely retain a microbial challenge of
107 colony forming units/cm? of filter area (ASTM, 2013; Jornitz &
Meltzer, 2008). The sterile filtration unit operation can be character-
ized by investigating the filter capacity (batch size), transmission
(product yield), and product quality. Sterile filtration of LNPs, as well
as other large viral and nonviral delivery vehicles, can be challenging
because these products can be similar in size to the 0.2 um pore size
rating of sterilizing-grade filters (Wright et al., 2020). For example,
Taylor et al. (2021) examined the sterile filtration of a live attenuated
viral vaccine with mean particle size ranging from 100 to 400 nm
through a range of sterile filters, including both single- and dual-layer
filters, with the vaccine transmission ranging from less than 2% to
more than 80%. Emami et al. (2021) reported a high yield (>95%) but
more than a sevenfold difference in capacity during sterile filtration
of different glycoconjugate serotypes even though these glycocon-
jugate vaccines differed by less than a factor of two in their measured
particle size. Zourna et al. (2021) evaluated the sterile filtration of
liposomes using a polyethersulfone filter, with a 40-fold increase in

capacity achieved by reducing the size of the liposomes from 179 to
127 nm and an 18-fold increase in capacity attained by increasing the
differential pressure from 0.7 to 4.1 bar. The authors hypothesized
that the increase in capacity with increasing pressure was due to
either a change in liposome size and shape or reduced interactions
with the membrane pores associated with the shorter residence time,
although no detailed analysis of these phenomena was provided.
Although several studies have described the sterile filtration of
liposomes (Folmsbee & Moussourakis, 2012; Johnson et al., 2021;
Singh et al., 2018; Toh & Chiu, 2013; Zourna et al., 2021), there do
not appear to be any published data on the sterile filtration of
MRNA-LNPs or any other LNPs.

The objective of this study was to develop a more fundamental
understanding of the factors controlling the performance of sterile
filtration of MRNA-LNPs (“LNPs”) using the dual-layer (0.8 um/
0.2 um) Sartopore 2 XLG sterilizing-grade filter. Data were obtained
over a range of transmembrane pressures (TMPs), with the fouled
membranes examined by scanning electron microscopy (SEM) to
obtain additional insights into the fouling behavior. The results
provide important insights into the underlying mechanisms affecting
the filtration behavior of mRNA-LNPs.

2 | METHODS

2.1 | Materials

Experiments were performed with an mRNA-LNP solution (LNP)
provided by Moderna, Inc. The frozen LNP solution was thawed in a
room temperature water bath before use.

Sterile filtration data were obtained using Sartopore 2 XLG
dual-layer asymmetric polyethersulfone (PES) filters consisting of a
0.8-um-rated pore size layer on top of a 0.2-um-rated (sterilizing-
grade) layer. Unless otherwise specified, the membranes were
sealed in 25-mm diameter capsules provided by the manufacturer
(Sartorius). Limited data were obtained with the individual layers of
the filter housed at the base of a 25-mm Amicon 8010 filtration cell
(MilliporeSigma) operated without the magnetic stirrer, with a 5 um
pore size nylon mesh placed beneath the filter membrane to provide

a more uniform flow distribution.

2.2 | Filtration experiments

Filtration experiments were performed at constant TMP. The filter
capsule was fed by a 1-L stainless-steel feed reservoir (Alloy Products
Corporation) pressurized with compressed air and controlled using a
pressure regulator. The TMP was monitored using an Ashcroft digital
pressure gauge placed immediately upstream of the filter, with the
permeate outlet maintained at atmospheric pressure. The membranes
were initially flushed with a minimum of 100 L/m? of deionized water
followed by a Tris-sucrose formulation buffer, with the latter prepared
by mixing appropriate quantities of Tris-base (MilliporeSigma, Catalog
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Number 9210), Tris-HCI (Invitrogen, 15567-027), and sucrose (Milli-
poreSigma, 8550) to obtain a 20mM Tris concentration and 87 g/L
sucrose at pH 7.5. The membrane hydraulic permeability was evaluated
by measuring the filtrate flux at several TMP (up to 70 kPa) using the
Tris-sucrose buffer. All experiments were performed at room tempera-
ture (21 + 1°C).

The feed reservoir and filter capsule were then emptied, refilled
with the LNP solution, and the system re-pressurized. Filtrate flow
was evaluated by continuous mass readings on an OHAUS
Ranger™ 3000 scale, with the data logged every second using the
OHAUS Serial Port Data Collection Software. Permeate concentra-
tions were evaluated based on UV absorbance at 230 nm using a

Tecan microplate reader (Mannedorf).

2.3 | LNP/filter characterization

The LNP size distribution was determined by Dynamic Light Scattering
(DLS) using a Malvern Zetasizer Nano ZS90 (Malvern). Samples were
analyzed at 20°C after equilibration for 120s. The light scattering
intensity was evaluated for a total of 10 runs. All experiments were
performed with LNPs whose properties were consistent with those
described by Hassett et al. (2021) and Brader et al. (2021). The mean
LNP diameter was between 100 and 150 nm, and the LNP concentra-
tion was on the order of ~10? particles per ml.

LNPs captured on the external surface of the filter were
examined by SEM. The fouled membrane was removed from the
filtration cell, dried inside a Fisher Isotemp® 200 Series oven at 30°C
for 1h, and cut into small pieces before being mounted on
conductive pins with a double-sided carbon tape. A thin layer of
gold/platinum was applied using a Bal-tec SCD 050 Sputter coater.
Surface images were obtained with a Zeiss SIGMA VP-FESEM
at 3.0kV.

3 | RESULTS AND DISCUSSION

3.1 | Sterile filtration performance

Figure 1 displays the filtrate flux profiles during constant pressure
filtration of the LNPs through the Sartopore 2 XLG capsules at
pressures of 2, 8, 14, and 20 psi (14, 55, 97, and 140 kPa). The overall
LNP vyield was greater than 96% in all experiments, with no apparent
loss of transmission even at very high degrees of fouling. DLS analysis
of the permeate and feed samples showed no substantial change in
the LNP size distribution, with the Z-average diameter for the
permeate samples within 2% of that for the feed. The initial filtrate
flux (J,) was approximately equal to the buffer flux evaluated
immediately before the filtration experiment (at the same TMP), with
the J,, values increasing linearly with increasing TMP, consistent with
constant membrane permeability. The filtrate flux (J) is plotted as a
function of the volumetric throughput (v), defined as the ratio of the
cumulative filtrate volume (V) to the membrane area (A). In each case,
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FIGURE 1 Filtrate flux (upper panel) and resistance (lower panel)
as a function of the volumetric throughput during constant pressure
filtration of the LNP through the Sartopore 2 XLG capsules at
pressures of 2, 8, 14, and 20 psi. LNP, lipid nanoparticle.

the curves are concave down on the semi-log plot, with the absolute
value of the slope increasing with increasing throughput. The initial
rate of flux decline, —dJ/dv, decreases with increasing TMP, while
the filter capacity (Viax), €valuated as the volumetric throughput at
which the filtrate flux declines to 10% of its initial value, increases
from 32L/m? at 2psi to 69 L/m? at 20 psi. For most biologics,
increasing TMP during sterile filtration results in either decreased
capacity or constant capacity (Jornitz, 2006). The observed large
increase in capacity for filtration of LNPs, and decrease in the rate
of flux decline, is unusual for most sterile filtration processes,
although it is consistent with the increase in capacity with
increasing TMP reported by Zourna et al. (2021) for the sterile
filtration of Lipoid S100 liposomes.

The filtrate flux data are replotted in the lower panel of Figure 1

as the total resistance, R:
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where TMP is the transmembrane pressure and J is the filtrate flux,
both evaluated at the same volumetric throughput. The resistance
data tend to follow a single curve near the start of the filtration; this
is consistent with a constant (pressure-independent) permeability
during the initial phase of the filtration. However, the resistance
curves at higher pressures increase more slowly than the resistance

curves at lower pressures, leading to an increase in filter capacity

with increasing TMP.

3.2 | Fouling mechanism

Additional insights into the underlying fouling behavior were
obtained by replotting the flux data in the form suggested by
Hermans and Bredee (1936):

o (dey
dv? (dv] ’ (2)
where t is the filtration time, v is the throughput (filtrate volume per
unit membrane area), and k is a proportionality constant with units
dependent on the value of n. All four of the classical blocking models
can be described by Equation (2) with the power-law exponent
defining the fouling mechanism: n =2 corresponds to complete pore
blockage (in which foulants block pore entrances), n=3/2 corre-
sponds to pore constriction (in which the pore radius decreases as
foulants deposit along the pore walls), n=1 corresponds to
intermediate pore blockage (in which foulants either block pore
entrances or deposit on previously blocked pores), and n=0
corresponds to cake filtration (in which foulants accumulate on the
membrane surface in a permeable cake) (Ho & Zydney, 2000; Iritani &
Katagiri, 2016; Iritani et al., 2015; Peles et al., 2022; H. Xu, Xiao,
et al., 2020). Results are shown in Figure 2, with all derivatives
evaluated numerically using a finite difference analysis accounting for
the nonconstant intervals for the volumetric throughput (accurate to
second order in Av), with the derivative averaged over approximately
20 s intervals to minimize numerical noise. The data for the LNPs all
show a slope of n=2 on the log-log plot over the entire filtration
experiment, consistent with predictions of the complete pore
blockage model.

To further investigate the origin of the underlying fouling
mechanisms, filtration experiments were performed using the
individual layers of the Sartopore 2 XLG, along with the dual-layer
membrane, all housed in an ultrafiltration cell. Figure 3 shows the flux
profiles as a function of volumetric throughput at a constant pressure
of 14 psi (100 kPa); the lower capacity of the dual-layer filter
compared to that seen in Figure 1 reflects batch-to-batch variability
in the results (all of the data in any single figure were obtained with
the same batch of LNPs). Both the 0.2 and 0.8 um layers showed high
LNP transmission (>96%), with no measurable change in LNP size in
the filtrate samples as determined by DLS. The 0.8 um layer alone
had the highest filtrate flux and lowest rate of flux decline, with a
capacity of Vpac=230L/m? (again defined as the throughput
corresponding to 90% flux decline). The 0.2 um layer alone showed
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FIGURE 2 Derivative plot for LNP filtration at 2, 8, 14, and 20 psi
through the Sartopore 2 XLG. The solid black and green lines
represent a slope of 2 to guide the eye; these are not fit to the
experimental data. LNP, lipid nanoparticle.
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FIGURE 3 Filtrate flux as a function of the volumetric throughput
for filtration through the individual layers of the Sartopore 2 XLG at
TMP = 14 psi. Solid curves are model fits generated using the
linearized form of the complete pore blockage model.

TMP, transmembrane pressure.

a rapid flux decline and a small capacity of Vinax = 16 L/m?. The dual-
layer filter showed an intermediate capacity of Vimax=39L/m?
substantially smaller than the 0.8 um layer alone yet almost two
and a half-fold higher than the 0.2um layer. These results
demonstrate that the bulk of the fouling occurs in the sterilizing-
grade 0.2 um layer of the Sartopore 2 XLG, with the 0.8 um prefilter
providing protection to the downstream layer, likely by retaining
foulants that are present in the feed.

The solid curves in Figure 3 were obtained using the
classical form of the complete pore blockage model (Iritani &
Katagiri, 2016):
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FIGURE 4 Filtrate flux as a function of volumetric throughput
during filtration of the fresh LNP and previously filtered LNP through
the Sartopore 2 XLG at 14 psi. LNP, lipid nanoparticle.

J =J(1 - av) (3)

with the best-fit value of a, a parameter describing the rate of
blockage with units of m?/L, determined by nonlinear regression
using Mathematica. The model closely fits the flux data for both the
0.2 um layer alone and for the dual layer (@ =0.053 and 0.022 m?/L,
respectively, with R? values >0.98), providing further support for the
assertion that LNP fouling is predominantly due to pore blockage in
the 0.2 um layer; the smaller value of a for the dual layer filter
reflects the removal of foulants by the prefilter. In contrast, the
complete pore blockage model poorly fits the flux data for the 0.8 um
layer alone, suggesting that the fouling observed in this layer is not
completely described by a pore blockage mechanism. The substantial
difference in capacity between the individual membrane layers, as
well as the difference in fouling mechanisms, suggests that the major
foulants are likely smaller than 0.8 um in size. This points to LNPs
themselves as the primary foulants rather than higher order, large-
scale aggregates.

Further insights into the fouling behavior were obtained by
collecting and pooling the permeate from three separate filtration
runs and using that as the feed for a second filtration through a fresh
Sartopore 2 XLG membrane. All filtration experiments were
performed on the same day, with the collected permeate used within
1 h of the first filtration. Results for this “re-filtered” LNP are shown
in Figure 4 along with data for one of the original filtration runs, all
performed at 14 psi. The re-filtered LNP shows a much slower rate of
fouling, with a filter capacity approximately twofold larger than that
of the fresh feed. The higher capacity for the re-filtered LNP
indicates that, despite the very high overall transmission, a portion of
foulants was removed during the first filtration. In addition, although
foulants were removed during the first filtration, they were not
removed completely: the general fouling behavior during re-filtration
was unchanged, with pore blockage still the dominant mechanism.

This suggests that fouling might occur by a stochastic mechanism,
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with a small fraction of the LNPs being captured by the sterilizing-
grade layer of the Sartopore 2 XLG membrane. This fouling behavior
may depend on the individual particle morphology and surface

characteristics, flow velocity, and/or membrane pore structure at
specific locations on the filter.

3.3 | Characterization of fouled filter

The nature of the LNP fouling was examined by SEM as shown in
Figure 5. Images were obtained of the surfaces of the individual
layers of the Sartopore 2 XLG after filtration of buffer (i.e., no fouling)
and after filtration of LNPs through the dual-layer filter at 14 psi until
a flux decline of more than 99%. The 0.8 um layer appears to have a
rough, asymmetric surface with relatively low pore density, while the
0.2 um layer is substantially smoother with a higher density of
relatively circular pore openings. There is no visible difference in the
0.8 um prefilter after fouling, suggesting most of the pores remain
fully open, which is consistent with the very high filtration capacity
when the 0.8 um layer was used alone (Figure 3). In contrast, much of
the surface of the 0.2 um layer is covered with LNPs, appearing as an
aggregated layer on top of the membrane. It is important to note that
the structure and organization of the LNPs seen in the SEM image
may be affected by the sample preparation (drying) and appear
different in the native (wetted) environment, although the high
degree of surface fouling is fully consistent with the pore blockage

mechanism identified by the derivative analysis in Figure 2.

3.4 | Pressure-stepping experiments

Although the results in Figures 1-5 provide important insights into
the underlying filtration mechanisms, they do not explain the
significant increase in capacity and reduction in the rate of fouling
at higher TMP. The effects of pressure on the filtration behavior were
examined more directly by performing pressure stepping experiments
in which the TMP was varied in a step-wise fashion during a single
filtration run, without any disruption in the LNP feed. The top panel
of Figure 6 shows results in which the filtration was started at 14 psi
for the first =150 s after which the pressure was abruptly decreased
to 1 psi for 300 s before being returned to 14 psi. In both cases, the
data are plotted as the resistance (evaluated directly from the flux
and TMP data using Equation 1), as a function of filtration time. The
initial step-down in pressure resulted in a sevenfold increase in
resistance, while the final step-up in pressure resulted in a sixfold
reduction in resistance. This variation in resistance with TMP is at
least qualitatively consistent with the higher capacity at higher TMP
seen in Figure 1. The lower panel of Figure 6 shows results from a
reverse pressure stepping experiment, starting the filtration at 1 psi
and increasing the pressure to 14 psi before returning to 1 psi. In this
case, the initial step-up in pressure caused a small (approximately
1.5-fold) increase in resistance, likely due to the relatively low level of
fouling after the 150 s of filtration at low TMP, but the final reduction
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(right) through the dual-layer filter at a pressure of 14 psi until a flux decline of more than 99%. Scale bars are 5 um. LNP, lipid nanoparticle;

SEM, scanning electron microscopy.

inTMP caused a 13-fold increase in resistance, similar to the behavior
seen in the experiment that was started at 14 psi.

The observed dependence of resistance on pressure is surprising.
An incompressible fouling deposit would give a resistance that is
independent of pressure, while a compressible fouling deposit would
show a resistance that is greater at high pressure (compression
increases the packing density of the deposit, making it less
permeable) (Mendret et al., 2009), which is exactly the opposite of
what is seen in Figure 6. The data obtained with the LNP suggest that

traditional interpretations of compressible or incompressible fouling
deposits are not applicable to this system; instead, the unique
characteristics of the LNPs lead to a sharp reduction in resistance at
high TMPs.

The pressure stepping experiments demonstrate that the
resistance of the fouled filter is a function of TMP, although it is
difficult to quantify the pressure dependence due to the continued
fouling that occurs during the LNP filtration. The direct effect of
pressure on the resistance was examined by first fouling the
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FIGURE 6 Resistance during pressure stepping experiments
performed with the Sartopore 2 XLG membrane. Top panel:
continuous filtration of the LNPs at 14, 1, and 14 psi. Bottom panel:
continuous filtration of the LNPs at 1,14, and 1 psi.

Sartopore 2 XLG with LNPs and then measuring the buffer flux
through the fouled membrane at different TMP. To avoid de-
pressurizing the system, the filter was fed by two pressure reservoirs,
one containing the LNPs and one containing buffer, using a threeway
stopcock valve. The initial LNP filtration was conducted at a constant
TMP of 14 psi until a flux decline of approximately 90%, with the feed
then rapidly switched to buffer at the same TMP. The calculated
values of the resistance during this experiment are summarized in
Figure 7. The resistance of the fouled membrane while filtering buffer
remained stable at a value approximately equal to that obtained at
the end of the LNP filtration, indicating that the deposited foulants
were quite stable (at least in response to a short buffer flush). The
reduction in TMP from 14 to 1psi caused a threefold increase in
the resistance, corresponding to a 40-fold decrease in flux. The
resistance returned to its previous value when the TMP was
increased back to 14 psi, demonstrating that the behavior of the
fouling deposit was fully reversible. Just as in Figure 6, the decrease
in resistance with increasing TMP is completely opposite to that
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FIGURE 7 Total resistance during buffer permeability

measurements performed with the Sartopore 2 XLG membrane.
Filtration starts with LNPs at 14 psi followed by buffer at 14 psi,
buffer at 1 psi, and then buffer at 14 psi. LNP, lipid nanoparticle.

expected for a compressible fouling deposit and is also different from
the pressure-independent resistance expected for an incompressible
fouling deposit. The pressure-dependent behavior is consistent
across the multiple experiments shown in Figures 1, 6, and 7,
suggesting that this phenomenon is intrinsic to the LNPs. One
interpretation of the observed behavior is that increased pressure
may deform the fouling deposit, for example, at the entrance to a
blocked pore, possibly due to a distortion of the LNPs when
subjected to greater TMP. This behavior appears fully reversible,
with the LNPs resuming their previous state when the TMP is

reduced, restoring the high resistance of the fouling deposit.

4 | CONCLUSIONS

The results presented in this study provide the first quantitative
analysis of the sterile filtration behavior of mRNA-LNPs. Sterile
filtration through a Sartopore 2 XLG dual-layer filter resulted in
high (>96%) yields, and the filter capacity increased with increasing
TMP. The flux decline behavior was analyzed using a derivative
plot, with the slope consistent with predictions of the complete
pore blockage model. SEM images showed deposition of the LNPs
on the surface of the 0.2 um layer of the Sartopore 2 XLG. The
0.8 um layer showed relatively little fouling, although it functioned
as a prefilter that increased the capacity of the sterilizing-grade
layer, presumably by removing a portion of the foulant species
present in the feed.

The effect of pressure on the filtration of the LNPs was
examined through a series of pressure stepping experiments in
which the TMP was varied step-wise during a single continuous
filtration. The resistance was found to decrease at high TMP, in
contrast to the pressure-independent behavior expected for an

incompressible foulant and opposite to the increase in resistance
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with increasing pressure expected for a compressible fouling deposit.
This behavior suggests that operation at high TMP may cause a
change in the structure of the LNP-fouled filter, leading to a decrease
in fouling resistance. This behavior appears to be fully reversible
based on data obtained during buffer flow measurements through
the fouled filter. Future experiments will be required to further
characterize the underlying factors governing the resistance of the
fouled filter, including its dependence on the properties of both the
LNPs and the membrane itself. The results obtained in this study
provide important insights into the novel behavior observed during
the sterile filtration of LNPs.
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